Poliovirion [32PJRNA, after digestion with RNase T2, yields sifononucleotides and a labeled compound "X," which is not negatively charged at pH 5. X contains, relative to the label in virion RNA, one to two phosphates and is partially acid insoluble. It can be labeled with tritiated amino acids 3 hr after infection, is insoluble in chloroform/methanol, and can be digested with Pronase. These observations suggest that X is a protein. Ihe protein cannot be removed from the polio genome when the RNA is (i) sedimented through a sucrose gradient in 0.5 M NaCl, (ih) heated to 1000 in the presence of sodium dodecyl sulfate followed by sedimentation through a sucrose gradient in 80% dimethylsulfoxide, or (iii) banded in 4 M cesium trichloroacetate. Digestion of the 32P4abeled protein with Pronase yields one major -labeled product, whic contains pUp. The protein migrates faster than capsid protein VP4 in a polyacrylamide gel. Our data show that thegenome of poliovirus, but not
after infection, is insoluble in chloroform/methanol, and can be digested with Pronase. These observations suggest that X is a protein. Ihe protein cannot be removed from the polio genome when the RNA is (i) sedimented through a sucrose gradient in 0.5 M NaCl, (ih) heated to 1000 in the presence of sodium dodecyl sulfate followed by sedimentation through a sucrose gradient in 80% dimethylsulfoxide, or (iii) banded in 4 M cesium trichloroacetate. Digestion of the 32P4abeled protein with Pronase yields one major -labeled product, whic contains pUp. The protein migrates faster than capsid protein VP4 in a polyacrylamide gel. Our Knowledge of the 5'-terminal structure of poliovirus genome RNA is crucial for an understanding of two important steps in viral replication: (i) initiation of RNA synthesis and (i) binding of ribosomes to viral mRNA in protein synthesis. For Picornaviridae, both processes remain obscure.
Proteins involved in the replication of the polio genome are poorly understood although a virus-specific, membrane-bound replication complex was isolated 12 years ago (1) . Attempts to purify a replicase have been frustrated, possibly because partially purified complexes appear to lose their ability to initiate RNA synthesis (2) (3) (4) . Replication of RNA in vitro has, therefore, been of little help for structural analyses of poliovirus RNA.
A study of the 5' end has revealed that the virion RNA is not terminated with a free 5'-hydroxy group (5) ; however, analyses of the 5'-terninal base have yielded conflicting results. Labeling of virion RNA with polynucleotide kinase, after treatment with phosphomonoesterase, produced mainly pAp and also some pUp as terminal nucleoside 3',5'-diphosphate (5) . In contrast, various amounts of pUp and little, if any, pAp were found more recently in alkaline digests of virion [32P]RNA (P. Jacobi and E. Wimmer, unpublished) .
Available evidence suggests that poliovirus mRNA is 5'-terminated with pUp (6) (7) (8) . As in virion RNA, a "capping group"
[m7G(5')ppp(5')Np] is absent, which establishes polio mRNA as the only "uncapped" mammalian messenger known to date. We have carried out analyses for capping groups by separating RNase T2 digests of polio [32P]RNAs on columns of DEAEcellulose at pH 5 (7). In the course of these experiments we have Abbreviation: NaDodSO4, sodium dodecyl sulfate. * This is paper I in the series "The genome linked protein of picorna- MATERIALS AND METHODS 32P-Labeled RNA of poliovirus type 1 (Mahoney) was isolated from 32P-labeled virus as previously described (5, 11) . Individual preparations yielded 6 to 9 X 108 cpm of virion RNA (at S to 7 X 105 cpm/,ug). Methods of digestion of the virion RNA with RNase T2 (EC 3.1.4.23) and separation of the hydrolysates by column chromatography or paper electrophoresis have been published (7, 11) .
Poliovirus was labeled with tritiated amino acids and [32p]-phosphate by infecting 7.6 X 108 HeLa cells with 35 plaqueforming units (PFU) per cell of virus in 150 ml of medium containing 5% calf serum and 5 ,g/ml of actinomycin D. Three hours after infection the cells were sedimented and resuspended in 150 ml of Earle's saline containing 5% dialyzed calf serum, 5 mCi of a tritium-labeled amino acid mixture (New England Nuclear, NET-250) and 10 mCi of carrier-free [32P]phosphate.
The same procedure was used for labeling with [3H]ysine, except that 4 X 108 infected cells were resuspended in minimal essential medium lacking lysine and arginine. 5 mCi of [3H]-lysine (New England Nuclear), but no [32P]phosphate, were added. Cells were harvested 6.5 hr after infection and virus was purified as described (4, 12) .
[32P]VPg was isolated from digests of virion [32P]RNA as follows: column fractions (Fig. 1) were collected in 5 ml Falcon tubes that had been cut to the length of scintillation vials and preincubated with a solution of bovine serum albumin (1 mg/ml) for 5 In addition to mononucleotides a small peak, designated as can be seen in Fig. 1A . Material in X elutes at void volume and is therefore not negatively charged at pH 5. It is labeled with approximately 0.015% of the 32p label in virion RNA, a value that corresponds to one to two phosphates relative to one molecule of RNA. We found that the labeled material in X adsorbs rapidly to glass, silicone-treated glass, and plastic, from which it can be eluted with 0.1% NaDodSO4 but not with chloroform/methanol (1:1) . It remains at the origin after chromatography on cellulose thin-layer plates (system described in refs. 5 and 6) and migrates slightly toward the cathode on Whatman 3 MM paper at pH 3.5 or 7.5. These properties are consistent with the notion that the material in X is a larger molecule and not a modified mono-or dinucleotide.
The material in X is not a phospholipid, since it cannot be extracted from 0.1% NaDodSO4 with chloroform/methanol (2:1) . It is digested with Pronase (see below), an observation suggesting that it is a protein containing a phosphate group. This conclusion is supported by the finding that the material was labeled when isolated from genome RNA of poliovirus synthesized in the presence of tritiated amino acids (Fig. 1B) (Fig. 2) result in a complete deproteinization of the-RNA. To test whether or not VPg is covalently linked to the polio genome or tightly bound by secondary binding forces resisting deproteinization, we subjected polio [32P]RNA to the following treatments: (i) sedimentation through sucrose in 0.5 M NaCl, 0.05% NaDodSO4 at 280; (ii) heating to 1000 for 2 min in 0.05% NaDodSO4, 1 mM EDTA, pH 7.5, followed by sedimentation through a sucrose gradient containing 80% (vol/vol) Me2SO Fig. 3 . Undegraded RNA was recovered from gradient fractions by precipitation with ethanol. The RNA was then analyzed for VPg as described in Fig. 1 . The yield of [32P]VPg after treatment i was 0.013%; after treatment ii, 0.014%; and after treatment iii, 0.012% of the total 32P in the RNA, values which are only slightly smaller than the yield from untreated RNA (0.015%). All three of the treatments strongly interfere with secondary binding forces. The data therefore suggest that VPg is covalently linked to the polio genome.
[ were complicated, however, due to the affinity of the protein for surfaces. Therefore, we digested [32P]VPg with Pronase in 0.1% NaDodSO4, separated the products by column chromatography, and recovered the labeled components by lyophilization. As can be seen in Fig. 4 , undigested [32P]VPg (X) which represented 7% of the starting material, eluted at void volume as expected. The small amount of material in fractions [15] [16] [17] was identified by paper electrophoresis as [32P]Pi. The major digestion product, designated as Y, eluted slightly ahead of UDP. Y does not adsorb to surfaces. It was found to be a single component when analyzed by electrophoresis on DEAE-paper at pH 3.5 (mobility relative to UDP: 0.81), on Whatman 3 MM at pH 3.5 (mobility relative to UDP: 0.54), and on cellulose thin-layer plates at pH 1.9 (in 2.5% formic acid, 7.8% acetic (18) followed by electrophoretic separation on Whatman 3 MM paper (pH 3.5) yielded two labeled compounds in the ratio of 1:1. One of the compounds migrated as Pi, the other as pU (Fig. 6 ). The identity of pU and Pi was confirmed by electrophoresis on DEAE-paper, that of pU in addition by two-dimensional thin-layer chromatography (5, 6) . Treatment of [32p]y with snake venom 3'-exonuclease (compare Fig. 5 ) yielded pUp as the only labeled component (data not shown). These results show that VPg contains pUp. We have obtained no evidence for another unmodified nucleoside. The structure of Y, however, is as yet unknown. DISCUSSION We have been unable to remove a small protein VPg from poliovirion RNA by sedimentation through sucrose gradients in moderately high salt (Fig. 3A) or in 80% Me2SO, 0.2% NaDodSO4, after heating to 1000 (Fig. 3B) . The same result was obtained after banding the polio genome in 4 M cesium trichloroacetate (Fig. 3C) (Fig. 1) and it then contained components of the RNA (Figs. 4-6 Fig. 5 ).
The small VPg bound to virion RNA appears to have little effect on the extraction of virus solution with phenol/chloroform at pH 7.5. However, we have observed that up to 30% of the RNA may enter the interphase during extraction. Almost all RNA can be recovered if organic solvent plus interphase is reextracted with buffer at pH 9. Why some but not all virion RNA enters the interphase is not clear. There is no difference in the yield of VPg isolated from RNA that originated from phenol-extracted virus or detergent lysates of virus.
It is interesting to speculate what function VPg might have in viral replication. One possibility is that VPg is involved in initiation of RNA synthesis and this results in its linkage to the nascent RNA chain. In addition, or alternatively, VPg may play a role in morphogenesis, that is, the association of newly synthesized RNA with procapsids (10) . Poliovirus RNA synthesis and virion formation are inhibited by 2 mM guanidine hydrochloride (20) . The mechanism of action of the drug has not been elucidated, but it may be the protein VPg that is sensitive to guanidine hydrochloride. This can be tested, since drugresistant and drug-dependent mutants of poliovirus have been isolated (20) .
Absence of VPg in polyribosome-associated poliovirus RNA (7) is peculiar and may be an indication that VPg interferes with initiation of protein synthesis. If so, synthesized viral RNA would have to be processed (by cleavage of the protein) prior to its association with ribosomes. The 5'-terminal pUp of polio mRNA (6) (7) (8) and the pUp that we have found in [32P]VPg may be in fact the same nucleotide in the viral RNA. Lack of the protein in mRNA is probably the only difference between polio mRNA and the polio genome, since the fingerprints of both RNAs are identical (7) . Once VPg has been cleaved, the resulting RNA may be incompetent for encapsidation. This would explain why polio mRNA is not a precursor for virions (19) .
Various forms of nucleotide-peptide linkages have been described previously (21) . A stable complex between a protein and the genome of adenovirus has been reported (22, 23) . This protein has been shown to be covalently linked to the terminal region, most likely the 5' ends, of adenovirus DNA (R. J. Roberts, personal communication; D. Rekosh, personal communication). Covalent attachment of a protein to nicked DNA of simian virus 40 has also been documented recently (24) . It remains to be seen whether an RNA-bound protein is a unique feature of the poliovirus genome or can be found in RNAs of other viruses or in RNAs of the cell.
